Cardiac recovery in response to mechanical unloading by left ventricular assist devices (LVADs) has been demonstrated in subgroups of patients with chronic heart failure (HF). Hallmarks of HF are depletion and disorganization of the transverse tubular system (t-system) in cardiomyocytes. Here, we investigated remodeling of the t-system in human end-stage HF and its role in cardiac recovery.
C hronic heart failure (HF) has a poor prognosis despite advances in pharmacotherapy and mechanical circulatory support. 1 However, studies by us and others demonstrated that some patients with HF are able to recover cardiac function after mechanical unloading with left ventricular (LV) assist devices (LVADs). [2] [3] [4] [5] The feasibility of sustained recovery after LVAD removal has been demonstrated, with recovery rates ranging between 6% and 60%. 3, 6, 7 The large differences in recovery rates between studies are likely due to study design. 4 However, it remains unclear why some failing hearts show significant signs of functional recovery, while others do not. Mechanisms that allow or prevent functional cardiac recovery still need to be identified. Moreover, a biomarker or test for the potential of unloading-induced cardiac recovery would help clinicians to select the best candidates for LVAD implantation in hope of subsequent cardiac recovery. These patients might then follow a different clinical approach than patients with a low chance of recovery. The degrees of cardiac fibrosis and cell hypertrophy were suggested as possible predictors of cardiac recovery in studies with a limited number of samples, 8 but this has not been confirmed in other studies. 4 To date, no clinical or structural correlate can reliably identify patients who are likely to recover with LVAD therapy. A microstructural feature of ventricular cardiomyocytes important for contractility is the transverse tubular system (t-system). The t-system consists of tubular invaginations of the sarcolemma (t-tubules), located predominantly at the z lines of sarcomeres. In human ventricular myocytes, t-tubules form a dense network of high spatial regularity. The t-system is crucial for efficient excitation-contraction coupling by bringing L-type calcium channels in the sarcolemma in proximity to clusters of ryanodine receptors (RyRs) in the sarcoplasmic reticulum. The spatial and functional grouping of L-type calcium channels with RyR clusters is referred to as a couplon. Couplons facilitate calcium-induced calcium release, a process during which calcium diffuses from the extracellular space to RyR channels, causing opening of the RyR channels and subsequent calcium release from the sarcoplasmic reticulum. The resulting transient increase in cytosolic calcium subsequently triggers contraction. 9 Several studies demonstrated that HF in humans and other mammals is associated with structural remodeling of the t-system. 10 Particularly, t-system depletion and changes in orientation have been described (see elsewhere 11 for review). Reduced t-system density increases the number of RyR clusters that are not adjacent to sarcolemmal L-type calcium channels and thus not located within couplons. The distance between nonjunctional RyR clusters and the closest sarcolemmal L-type calcium channels can be up to several micrometers. It is thought that this detachment causes inefficient excitation-contraction coupling in HF for 2 main reasons. [12] [13] [14] First, RyR clusters detached from the sarcolemma, often labeled orphaned or nonjunctional clusters, are exposed to a slower and smaller increase in calcium as a result of the higher distance from L-type calcium channels. Thus, the open probability of nonjunctional RyR clusters is reduced. This results in an overall decreased calcium release from the sarcoplasmic reticulum. Second, although junctional RyRs open quickly after opening of the L-type calcium channels, nonjunctional RyRs open after calcium has diffused over a much longer distance. This results in asynchronous calcium release.
Most of our knowledge about t-system remodeling in cardiac disease and its effects on excitation-contraction coupling is derived from animal studies. Although 3-dimensional (3D) microscopy and analyses of the t-system were applied in various animal models, 13, [15] [16] [17] [18] [19] most studies in humans relied on 2-dimensional (2D) images or did not investigate HF. 20 To date, major 3D features of t-system remodeling in human HF have not been investigated. Similarly, although many animal studies have demonstrated a relationship between remodeling of the t-system in failing hearts and alterations of excitation-
Clinical Perspective
What Is New?
• With sheet-like rather than tubular membrane invaginations, the transverse tubular system (t-system) of ventricular myocytes of human end-stage failing hearts exhibits a previously unknown remodeled phenotype.
• Sheet-like t-system remodeling leads to increased distances of ryanodine receptors to the sarcolemma, which causes heterogeneous intracellular calcium release and consequently inefficient excitation-contraction coupling.
• High degrees of t-system remodeling at the time of left ventricular assist device implantation are associated with the absence of functional cardiac recovery during mechanical unloading, whereas preserved t-system structure is associated with recovery.
What Are the Clinical Implications?
• T-system remodeling and impaired excitation-contraction coupling may prevent functional cardiac recovery in response to mechanical unloading by left ventricular assist devices.
• Therefore, cardiac recovery during unloading may require an intact t-system at the time of left ventricular assist device implantation.
• Characterizing the t-system may help to identify patients with high probability of functional cardiac recovery in response to mechanical unloading.
contraction coupling, 21, 22 our insights into this relation in human HF are incomplete.
Animal models do not fully reflect the complex longterm remodeling occurring in human HF. For example, a study of end-stage human HF suggested that decreased t-system density cannot be reversed by mechanical unloading, 23 which is in contrast to findings in a rodent model of mechanical unloading based on heterotopic abdominal heart transplantation. 21 Thus, it remains unclear whether the t-system is relevant for the response to clinical therapies.
Recent research established a correlation between t-system remodeling in ventricular cardiomyocytes and reduced contractility in failing human hearts. 24 Myocardial contraction was preserved in ventricular regions with an intact t-system but markedly reduced or absent in regions with a remodeled t-system. This leads to the question of whether an intact t-system is required for functional recovery of failing human hearts.
To answer this question, we studied remodeling of the 3D t-system structure in patients with advanced HF and investigated effects of the remodeling on intracellular calcium release and cardiac recovery. In this article, we describe a novel type of t-system remodeling that is common in patients with HF and associated with impaired excitation-contraction coupling. Furthermore, we provide evidence that an intact t-system may be required for functional cardiac recovery after mechanical unloading.
METHODS

Study Population and Tissue Acquisition
The study was approved by the institutional review boards of the University of Utah. Patient enrollment in this study has been described earlier. 23 Briefly, patients with advanced HF (New York Heart Association classes III and IV) undergoing LVAD implantation were prospectively enrolled after giving written informed consent. Patients with infiltrative cardiomyopathy, hypertrophic cardiomyopathy, or acute forms of HF such as acute myocardial infarction were prospectively excluded. Cardiac contractile function was assessed serially before and after unloading by measuring LV ejection fraction (EF) with standard echocardiography. Post-LVAD echocardiograms were acquired during a 30-minute turndown of the revolutions per minute of the assist device at 3 months after LVAD implantation. 25 This revolutions-per-minute turndown echocardiography is a standard procedure performed to evaluate the native heart function during regular loading conditions. Clinical investigators were blinded to the results of histological analysis.
We collected tissue samples from the LV apical core at time of LVAD implantation from 26 patients with advanced HF. On the basis of published evidence by others and us, ≈15% to 20% of patients respond to mechanical unloading with a considerable improvement in cardiac EF, resulting in post-LVAD EFs of ≥40%. 25 To cover this group of patients, we selected tissue samples from 10 consecutive patients with favorable myocardial response after LVAD unloading between 2012 and 2014 from the biorepository of the Utah Cardiac Recovery Program. The remaining 16 samples were selected from consecutive patients in the same time period without a significant increase in LV EF. We also included tissue samples from matched regions of 5 donor hearts that were not allocated for transplantation because of noncardiac reasons. For experiments in living isolated myocytes, we obtained LV tissue samples from patients enrolled in the same clinical protocol at the time of either LVAD implantation or heart transplantation and from 1 donor heart.
Tissue Processing
Samples were snap-frozen in optimal cutting temperature compound (Sakura Finetek Europe BV, Alphen aan den Rijn, the Netherlands) and stored at −80°C until use. Tissue sections of 100-µm thickness were acquired with a cryotome (CM 1950, Leica AG, Wetzlar, Germany), immediately immersed in 1% paraformaldehyde for 15 minutes, and subsequently washed in PBS. RyRs were immunolabeled (MA3-916 and A-21121, ThermoFisher Scientific, Waltham, MA); the sarcolemma and extracellular matrix were stained with wheat germ agglutinin (ThermoFisher); and nuclei were stained with DAPI as described previously. 15 To stain L-type Ca channels, we used the same protocol on nonfixed tissue slices and applied rabbit anti-CACNA1C (1:200, ab58552, Abcam, Cambridge, UK) as primary and goat anti-rabbit conjugated to AF488 (1:400, A27034, ThermoFisher) as secondary antibodies. Tissue slices were mounted on a glass slide, embedded in Fluoromount-G (No. 17984-25, Electron Microscopy Science, Hatfield, PA), and then dried for at least 24 hours at room temperature and <40% relative humidity.
3D Confocal Microscopy
A Leica TCS SP8 confocal microscope (Leica, Jena, Germany) was used to acquire 2 to 5 3D image stacks from each sample within 20 µm from the coverslip in tissue regions containing myocytes. Investigators were not fully blinded to clinical data. The online-only Data Supplement provides details of image acquisition and region selection.
Extracellular Dextran Perfusion
Isolated living myocytes from a failing heart were superfused with Tyrode solution containing 5 mg/mL anionic dextran (10 kDa) conjugated to fluorescein (FITC) as a volume marker of the extracellular space (D1821, ThermoFisher). Three-dimensional images were acquired from these cells with channel 2 of the imaging protocol described above (488-nm laser line).
Image Processing, Analysis, and Visualization
Image stacks were filtered, deconvolved with measured point spread functions, and corrected for depth-dependent attenuation. 26 The t-system and outer sarcolemma were extracted by applying previously published methods for cell segmentation ( Figure I in the online-only Data Supplement). 27 We then determined eigenvectors and eigenvalues (|λ 1 | ≥|λ 2 |≥|λ 3 |) 28 and calculated cross-section circularity, defined as ratio of the 2 minor eigenvalues |λ 3 /λ 2 |, using a published algorithm based on gradient vector flow. 29 All t-system and RyR measures were first averaged per image and subsequently per sample, resulting in 1 numeric value per measure and patient used for statistical analysis. Image analysis and processing steps were automated with custom software scripts. Details are described in the online-only Data Supplement.
Cell Isolation, Imaging, and Analysis of Calcium Transients
Methods for cell isolation, imaging, and analyses of calcium transient are described in the online-only Data Supplement. In short, we isolated cells from LV tissue samples obtained during LVAD implantation or heart transplantation. Cells were loaded with DI-8-ANEPPS and Fluo4 and subsequently imaged with 2D rapid scanning confocal microscopy. In the resulting image sequences, we measured the maximal upstroke velocity of cytosolic calcium and associated onset time in each pixel and related these measures to the distance from the nearest sarcolemma.
Statistical Analysis
If not indicated otherwise, statistical data are presented as mean±SE. Statistical significance (P<0.05) was tested by a 2-sample unpaired t test. Bonferroni-Holm correction for multiple comparisons was applied when testing for differences in RyR distribution. A paired t test was used to compare pre-LVAD and post-LVAD clinical patient data. Linear regression models were created with the Matlab fitlm function with least-squares fitting. Linear models were considered significant compared with respective constant models if F statistics yielded a value of P<0.05.
RESULTS
Study Population and Clinical Measurements
The study population comprised 26 patients with chronic HF undergoing LVAD implantation. Pre-LVAD EF was 22±6%. Other clinical characteristics are summarized in the Table. Two months after LVAD placement, hemodynamic measurements consistently showed decreases in right atrial pressure, pulmonary capillary wedge pressure, pulmonary artery pressure, and pulmonary vascular resistance, which confirmed the effectiveness of mechanical unloading by the LVAD (Table I in the online-only Data Supplement).
Sheet-Like Remodeling of the T-System in HF Cardiomyocytes
We obtained LV biopsies for histological analysis by confocal microscopy from 26 patients at the time of LVAD implantation and 5 normal donor hearts (control). Twodimensional confocal scans covering up to 20 mm 2 consistently revealed a dense t-system in control samples, whereas many samples from failing hearts exhibited abundant remodeling of the t-system. In addition to local depletion, longitudinal components of t-system parallel to the main axis of the cardiomyocyte were visible in 2D images ( Figure 1 ).
When we examined and visualized 3D images (Figure 2) , the t-system in control samples exhibited high density and nearly cylindrical membrane invaginations (Figure 2A-2D ). In contrast, 3D visualization of HF samples revealed that the longitudinal structures seen in 2D images belonged to sparse and irregular sheetlike membrane invaginations ( Figure 2E-2H ). These transverse sheets (t-sheets) were easily identifiable in 3D reconstructions ( Figure 2G and 2H) but not in cross sections ( Figure 2E and 2F). T-sheets presented as components of the t-system, which were widened mainly in parallel to the myocyte long axis. The major axis of t-sheets, however, was still oriented perpendicular to the outer sarcolemma and myocyte long axis. As a result, t-sheets appeared as longitudinal t-system components only in sections parallel to myocyte orien- tation but were hardly distinguishable from normal ttubules in sections perpendicular to myocyte orientation ( Figure 2F and 2H).
To quantify our visual observations, we applied 3D principal component analysis to individual connected components of the t-system extracted from a total of 102 image volumes ( Figure 3A and 3B). Circularity of t-tubule cross sections (ratio of the 2 minor eigenvalues) was decreased (0.37±0.01 versus 0.46±0.02; P<0.01) and the volume/length ratio as a measure of t-tubule cross-sectional area was increased in HF versus control (0.36±0.01 versus 0.25±0.02 µm 2 ; P<0.0001). These measures confirmed the typical shape of t-sheets in HF, characterized by dilation of 1 cross-sectional dimension. In addition to this common feature, t-sheets presented with variations in size and curvature ( Figure II in the online-only Data Supplement). Moreover, the occurrence of t-sheets was associated with reduced t-system density, indicated by an increased mean intracellular distance to the sarcolemma in HF versus control (0.84±0.03 versus 0.61±0.07 µm; P<0.01; Figure 3C ) and a positive correlation of the volume/length ratio of t-system components with sarcolemma distance ( Figure 3D ). Note that sarcolemma distance was calculated with the inclusion of the sarcolemma of the t-system.
To test whether t-sheets are connected to the extracellular space or might instead be an artifact of membrane staining with wheat germ agglutinin, we carried out experiments with living cardiomyocytes isolated from failing hearts. Cardiomyocytes were placed in an extracellular bath containing a water-soluble, membraneimpermeable anionic dextran conjugated to fluorescein. The extracellular fluid immediately diffused into the tsystem but did not enter the cytosol. Three-dimensional images confirmed the presence of t-sheets in isolated myocytes and their connection to the extracellular space ( Figure 3E ). Immunostaining against L-type calcium channels in tissues from 3 controls and 3 failing hearts indicated the presence of clusters in t-sheets, similar to those seen in normal t-tubules ( Figure III in the online-only Data Supplement).
RyR-Sarcolemma Distance and Functional Myocardial Recovery
Next, we investigated the spatial relationship between RyR clusters and the t-system. Whereas RyR clusters in controls were predominantly located proximal to the sarcolemma ( Figure 4A and 4B), most HF samples exhibited a large number of RyR clusters distant from the sarcolemma ( Figure 4C and 4D ). Quantitative image analysis showed an altered RyR distribution in HF, with a marked shift toward larger distances ( Figure 4E) . In control cells, 23% of RyRs were found >1 µm from the sarcolemma, whereas this number increased to 44% in HF. Consequently, mean RyR-sarcolemma distance was significantly higher in HF than control (0.96±0.05 versus 0.64±0.1 µm; Figure 4F ).
To investigate the importance of t-system remodeling in cardiac recovery, we correlated the pre-LVAD RyR-sarcolemma distance from each patient with LV EF before and after mechanical unloading using linear regression models (Figure 5A-5C ). No correlation was found with pre-LVAD EF (P=0.8 versus constant model), which means that cardiac contractile function at the time of LVAD implantation was not directly associated with changes of the t-system. However, pre-LVAD t-system remodeling showed significant correlations with post-LVAD EF (P<0.01) and EF change during unloading by LVAD (P<0.01). The more pronounced the tsystem remodeling was before mechanical unloading, the more unlikely was an increase in EF in response to unloading. Put differently, recovery of EF was more likely when the t-system was intact at the time of LVAD implantation.
We found that patients with RyR-sarcolemma distances >1 µm hardly responded with increases in EF ( Figure 5C ). Therefore, we grouped patients by low and high RyR-sarcolemma distance (<1 µm [n=16] versus >1 µm [n=10]; Figure 5D -5H). Again, we did not find differences in pre-LVAD EF (20.7±1.8% versus 23.4±2%; P=0.3) but in post-LVAD EF (37.8±3% versus 24.9±2.4%; P<0.01) and EF change, with almost no recovery of EF when RyR-sarcolemma was >1 µm (17.1±3.6% versus 1.4±1.6%; P<0.01). The recovery of EF ranged from 0% to 38% in patients with RyR-sarcolemma distance <1 µm but only from −5% to 5% in patients with RyR-sarcolemma distance >1 µm. A paired t test between post-LVAD and pre-LVAD EF indicated recovery if RyR-sarcolemma distance was low (P<0.001) but no recovery if RyR-sarcolemma distance was high (P=0.36). Thus, recovery of EF occurred only in patients with low degrees of t-system remodeling.
In addition, we found that patients with high RyRsarcolemma distances had a longer history of HF symptoms than patients with low distances (6.5±1.9 versus 1.8±0.5 years; P<0.01). To evaluate whether increased RyR-sarcolemma distances resulted from reduced t-system density, we compared mean intracellular sarcolemma distances. We found high (0.9±0.05 µm; P<0.01) and low (0.75±0.03 µm) intracellular sarcolemma distances in groups with high and low RyR-sarcolemma distances, respectively. This indicates that increased distances between RyR clusters and the sarcolemma Figure 2 . Three-dimensional imaging and reconstruction of transverse tubular system (t-system) from control and heart failure (HF) tissue.
A, Confocal microscopic image from control tissue labeled with wheat germ agglutinin (red) for extracellular matrix and sarcolemma. A segmented cardiomyocyte is highlighted in green. B, Magnified view of the boxed regions in A showing a myocyte with a dense t-system. C, Three-dimensional reconstruction of outer sarcolemma (gray) and t-system (blue) of a section extracted from the cell highlighted in A. D, Tubular invaginations of the sarcolemma (T-tubule) highlighted in C shown in longitudinal and transverse view. E, Image from HF tissue labeled as in A. A segmented cardiomyocyte is highlighted in green. F, Magnified view of the boxed region in E reveals sparse t-system with sheet-like remodeling. Black arrows point to the same sheet-like component of the t-system. G, Threedimensional reconstruction of outer sarcolemma (gray) and t-system (blue) of a section from the cell highlighted in E. H, Remodeled t-system component highlighted in G shown in longitudinal and transverse view. Scale bar in A is 40 µm and applies to E. Scale bar in B is 5 µm and applies to F. Scale bar in C is 10 µm and applies to G. Scale bar in D is 2 µm and applies to H.
were due primarily to a loss of t-tubules rather than a redistribution of RyRs. Moreover, the occurrence of tsheets was accompanied by increased RyR-sarcolemma distances ( Figure IV in the online-only Data Supplement).
We explored the relationship of RyR-sarcolemma distance with clinical measures that have been related to cardiac recovery in previous work 25, 30 (Table II in the online-only Data Supplement). These measures included Figure 3 . Three-dimensional analyses of transverse tubule (t-tubule) geometry in control and heart failure (HF) tissue and imaging of isolated cardiomyocytes.
An extracellular marker was used to confirm remodeling of t-tubules. A, Cross-sectional circularity of t-tubules, calculated from the 2 minor eigenvalues |λ 3 /λ 2 |, was lower in HF (n=26) than in control (n=5). B, Volume-length ratio (V/l) of t-tubules was increased in HF vs control. C, Mean intracellular sarcolemma distance (Δ SL ) was higher in HF cells than in control cells. D, The Δ SL increased with V/l (P<0.01 vs constant model). E, The xy, zy, and xz cross sections through a 3-dimensional image of a living isolated cardiomyocyte from a patient with HF. Dashed blue lines indicate cross sections. The cell was bathed in 5 mg/mL dextran-FITC conjugate (10 kDa) as an extracellular marker. Extracellular fluid is shown in white; intracellular space, in black. Transverse sheets (t-sheets) were also present in isolated cells (example marked with blue arrow) and exhibited fluorescence, indicating that t-sheet cavities are connected to the extracellular space. Scale bar is 20 µm. **P<0.01. ****P<0.0001 Confocal microscopic images of (A) control and (C) heart failure (HF) LV tissue labeled with wheat germ agglutinin (red) for extracellular matrix and sarcolemma and for RyRs (green). B and D, Magnified view of the boxed regions in A and C, respectively. E, Fraction of RyR fluorescence intensity (I RyR ) found at defined sarcolemma distances (Δ SL ) in control (black, n=5) and HF (white, n=26). F, RyR-sarcolemma distance (Δ RyR-SL ) in control and HF. Scale bar in A is 40 µm and applies to C. Scale bar in B is 5 µm and applies to D. *P<0.05. **P<0.01.
LV mass and volume and measures of diastolic function.
Our analyses suggest that low pre-unloading RyR-sarcolemma distance, that is, an intact t-system, correlates with recovery of LV dimensions and diastolic function.
Asynchronous Calcium Transients in Remodeled Myocytes
To study the effects of t-system remodeling on excitation-contraction coupling, we analyzed intracellular sarcolemma distances and the initial phase of calcium transients in 15 isolated LV cardiomyocytes from 6 patients with HF. An example cell labeled with di-8-ANEPPS for the sarcolemma, including the t-system ( Figure 6A ), revealed t-sheets as observed in fixed tissue samples ( Figures 2F and 4D) . When myocytes were field-stimulated, we found that calcium transients were restricted to regions proximal to t-sheets ( Figure 6B) . Because of the low t-system density, this resulted in inhomogeneous local onset times of calcium increase ( Figure 6C ) and inhomogeneous calcium upstroke velocities (Figure 6D ). In the presented example cell, local onset time determined for each intracellular pixel increased monotonically with sarcolemma distance (Figure 6E ), whereas upstroke velocity decreased with distance ( Figure 6F ). The increase in onset time and decrease in upstroke velocity with distance were present in all analyzed cells ( Figure 6G and 6H) .
Next, similar to the analysis of tissue samples, we grouped cells by low (<1 µm, n=8) and high (>1 µm, n=7) intracellular sarcolemma distance as a measure of high and low t-system density, respectively. The 2 groups exhibited significant differences in means and standard deviations of onset time. Onset time was increased for low t-system density (23.9±4.9 versus 10.3±1.7 milliseconds; P<0.05), which indicates delayed or absent calcium release ( Figure 6I ). The standard deviation of onset time ( Figure 6J ), a measure of asynchrony of calcium release, was also increased in cells with low tsystem density (18.1±1.5 versus 8.9±2.2 milliseconds; P<0.01). Thus, t-system loss was associated with inhomogeneous and delayed calcium release. A homogeneous calcium transient from a control cell is presented in Figure V in the online-only Data Supplement.
DISCUSSION
Three-dimensional imaging of ventricular cardiomyocytes obtained from patients with HF undergoing LVAD implantation revealed a previously unknown phenotype of the t-system. This phenotype consists of sheet-like rather than tubular membrane invaginations. We named these t-system components t-sheets to distinguish them from transverse and less common axial components with a tubular shape. In most cases, the major axis of t-sheets runs transverse to the myocyte long axis (Figure 2G ), similar to a normal ttubule. The longitudinal appearance in cross sections parallel to the myocyte long axis ( Figures 1D, 1E , and 2F) results from dilation of t-sheets along this axis, leading to a nontubular, sheet-like shape ( Figure 2H ). T-sheets were ar- ranged less regularly than normal t-tubules and were commonly sparsely distributed. Myocytes with t-sheets were frequently present in the HF tissues analyzed in this study but not in control. They were associated with reduced tsystem density, increased RyR-sarcolemma distances, and spatiotemporal heterogeneity of intracellular calcium release. An important point is that large RyR-sarcolemma distances at the time of LVAD implantation indicated only marginal or absent functional cardiac recovery during the following mechanical unloading. Conversely, an intact tsystem structure was a predictor of cardiac recovery in response to mechanical unloading by LVAD.
T-Sheets as a Novel Type of T-System Remodeling
Remodeling of the t-system in cardiac disease has been reported for various species and etiologies. Previous studies on human heart disease suggested that remodeling comprises enlarged axial t-tubules, 31 loss of t-system, 32 and dilation of peripheral t-tubules. 33 Commonly, these studies relied on 2D images acquired with confocal or electron microscopy. The resulting images represent cross sections through the t-system, which impedes identification of sheet-like structures. For instance, the cross sections through t-sheets could be interpreted as axial t-tubules, that is, running parallel to the longitudinal cell axis. 31 Here, we applied 3D confocal microscopy, computational analysis, and image reconstructions, which revealed remodeling of t-tubules to sheet-like t-system components in advanced human HF. Our visual findings were confirmed by 3D geometric measures applied to the t-system. Similar to 2D analysis of the area/skeleton ratio in a recent study on t-system structure in human dilated cardiomyopathy, 24 we applied the volume-to-length ratio of t-tubules as a 3D measure, which indicated widening of t-tubules in HF. As a second measure, which is more specific for the shape, we used the cross-section circularity of t-tubules. Although the circularity of a perfectly circular cross section is 1, the mean circularity of t-tubules in human donor hearts was near 0.5. This is in agreement with previous work on t-tubules in healthy rabbit ventricular myocytes. 34 Here, we found that cross-section circularity was significantly decreased in HF, indicating that t-tubules were remodeled to more elliptical or sheet-like components.
We excluded the possibilities that t-sheets are intracellular vesicles or a processing artifact by confirming them in living isolated myocytes with 2 different labeling strategies (Figures 3E and 6A) . We ruled out that the observed sheets are separated from the extracellular space and represent vesicles by demonstrating that the cavities of sheets are accessible to extracellular fluids using a membrane-impermeable extracellular marker ( Figure 3E ). 17 Additionally, the lipophilic dye Di-8-ANEPPS effectively stained t-tubules and t-sheets. Other indicators of t-sheets as functional t-system components were the initiation of calcium transients proximal to t-sheets ( Figure 6 ) and the presence of L-type calcium channel clusters in the t-sheet membrane ( Figure III in the onlineonly Data Supplement). Therefore, our studies strongly suggest that t-sheets belong to the sarcolemma, signal electric activation into the interior of the cell, and contribute to excitation-contraction coupling, similar to normal t-tubules. In addition, our images and analyses (Figure 4) suggest that a fraction of RyRs are located proximal to t-sheets, which is a fundamental requirement for the formation of couplons.
A limitation of our approaches is that confocal microscopy does not resolve the nanostructure of t-sheets. Tsheets might therefore represent t-tubules spaced tightly below the resolution limit of confocal microscopy. However, such tight spacing seems unlikely because studies in human HF with 2D electron microscopy described longitudinal t-system components but never tightly spaced t-tubules. 31 
Potential Mechanisms Underlying T-System Remodeling
Our studies are preparatory for investigations on mechanisms underlying sheet-like remodeling of the t-system. In previous work on canine models of dyssynchronous HF, we proposed that changes in regional strain profiles affect t-system structure and maintenance. 15 In dyssynchronous HF, changes in regional strain profiles are caused by interventricular dyssynchrony as a result of left bundle-branch block, which is common in patients with HF. Furthermore, many types of HF are associated with fibrosis, which is a frequent finding also in our patient population (eg, Figures 1C and 2E) . Fibrosis is known to stiffen the myocardium 35 and thus will alter local strain profiles, possibly triggering sheet-like remodeling. An alternative potential mechanism is related to the increase in wall stress resulting from elevated LV diastolic pressure and increased LV diameters in patients receiving an LVAD (Table I in the online-only Data Supplement). Increased wall stress has recently been suggested to underlie t-system remodeling in rats. 36 However, although an association of changes in t-system with myocardial wall stress in vivo and in vitro was demonstrated in this study, the type of remodeling, that is, detubulation, was different from the findings in our study.
Several proteins, for example, junctophilin-2, caveolin-3, amphiphysin-2, and telethonin, have been related to t-system assembly, maintenance, and remodeling in cardiac diseases. 11, [37] [38] [39] [40] Involvement of the cytoskeleton also has been suggested. For example, it was reported recently that microtubule densification in cardiomyocytes, which is commonly observed in HF, causes t-system remodeling in mice by affecting junctophilin-2 traffic. 41 Another study related t-system remodeling to p21-activated kinase, a serine-threonine kinase involved in cytoskeletal organization. 42 Future studies should focus on these mechanisms in human HF.
Nevertheless, it is generally difficult to determine whether changes in t-system-related proteins are the primary cause of t-system remodeling or rather a result of ttubule loss in HF. This is particularly challenging because t-system remodeling and HF appear strongly intertwined and can hardly be investigated independently in patients. One way to overcome these challenges is the development of in vitro and in vivo models with more control over tissue remodeling and environmental conditions. However, results from these models can be applied only with caution to human HF and thus need to be confirmed in patients with HF for the following reasons. First, HF in humans usually develops over a much longer time than in animal models, leading to long-term remodeling and associated functional changes. Second, the t-system in humans and certain animals, especially rodents, differs significantly. 43 Third, the t-system is commonly not well preserved in in vitro models. 44 
T-System Remodeling and Excitation-Contraction Coupling
T-system remodeling in our studies of human HF led to increased RyR-sarcolemma distances, reflecting a decreased number of junctional RyR clusters and an increased number of nonjunctional RyR clusters. This is obvious in Figure 4D , which shows a high percentage of nonjunctional RyR clusters, that is, distal from the sarcolemma. Nonjunctional RyR clusters are not located in a junctional space and are not associated with L-type calcium channels. Therefore, nonjunctional RyR clusters need to be activated by calcium diffusing into the vicinity of these clusters. In all likelihood, the rise will be delayed and much smaller than in couplons. Thus, activation of nonjunctional RyR clusters will be delayed, and the probability of activation will be reduced. The resulting calcium transients within cells will be inhomogeneous and attenuated.
In agreement with this line of thought, we found an increased local onset time of calcium transients and decreased maximal upstroke velocities with distance to the sarcolemma in human HF cells. Accordingly, decreased t-system density was associated with increased mean and standard deviation of onset time, which describes that calcium release was delayed and inhomogeneous. This would be expected from a higher fraction of nonjunctional RyRs. These findings are in agreement with our previous studies on partially detubulated rabbit ventricular myocytes.
14 The consequence of the observed inhomogeneous calcium release would be reduced efficiency of cellular contraction, translating into reduced cardiac contractility. This fits well with our observation that only patients with an intact t-system structure can achieve high EFs after unloading.
We note that attenuation of calcium transients in HF is commonly explained by reduced content and release of calcium from the sarcoplasmic reticulum. Reduced sarcoplasmic calcium content in HF is thought to be the result of downregulation of the sarcoplasmic/endoplasmic reticulum calcium ATPase and upregulation of the sodium-calcium exchanger. 45 In agreement, calcium transients in our HF cells were uniformly attenuated. However, by comparing HF cells with relatively high t-system density with HF cells with low t-system density ( Figure 6 ), we were able to provide new insight into causes underlying the heterogeneity of calcium transients in human HF. We propose that t-system remodeling affects calcium transients in addition to changes in cellular sarcoplasmic/endoplasmic reticulum calcium ATPase, sodiumcalcium exchanger, or L-type calcium levels by reducing their efficiency. This hypothesis could be tested by directly relating t-system density to cellular calcium fluxes.
T-System Remodeling and Recovery
Restoration of t-system structure was demonstrated, for example, in canine models of cardiac resynchronization therapy. 13 Studies in a rodent model of HF suggested that mechanical unloading restores t-system structure and calcium-induced calcium release. 21 In contrast, our previous study in a patient cohort similar to that presented here suggested that RyR-sarcolemma distances do not change during mechanical unloading. 23 This implies that mechanical unloading in advanced human HF does not lead to restoration of normal t-system structure. Figure 7 . Proposed role of the transverse tubular system (t-system) in functional cardiac recovery in chronic human heart failure (HF).
In some failing hearts, normal tubular invaginations of the sarcolemma (t-tubules) remodel to transverse sheets (t-sheets), t-system components that are significantly widened in the myocyte long-axis direction, but still run transversely. Concomitantly, t-system density decreases, which causes a higher fraction of nonjunctional ryanodine receptor (RyR) clusters. As a result, triggering of calcium release from the sarcoplasmic reticulum (SR) becomes less efficient. Mechanical unloading by the left ventricular assist device allows recovery of metabolism, 46 β-adrenergic response, 47 and calcium transporters 45 but not of t-system structure. 23 Thus, excitation-contraction (EC) coupling can recover only in failing hearts with a preserved t-system, leading to improved contractility and left-ventricular ejection fraction (EF) after unloading, but not in failing hearts with t-sheets and reduced t-system density.
Persistent t-system remodeling may therefore explain why patients with high RyR-sarcolemma distances are not able to improve EF in response to LVAD unloading (Figure 7) . At the time of LVAD implantation, t-system remodeling did not correlate with EF, suggesting that reversible mechanisms contributed to the poor contractility found in these patients. For example, cardiac metabolism, 46 the response to β-adrenergic stimulation, 47, 48 or sodium-calcium exchanger expression 45 has been reported to improve in response to mechanical unloading in patients with HF.
Our finding that patients with high RyR-sarcolemma distances had longer histories of HF symptoms (Figure 5G) suggests that t-system remodeling progresses over time. This is also in agreement with and may explain findings from other studies reporting that cardiac recovery is more likely in patients with shorter histories of chronic HF. 3, 4, 7 A limitation of our study is that investigators acquiring images were not always blinded to clinical data. In some cases, it was known whether a patient had responded with signs of cardiac recovery, and thus, investigators might be subconsciously biased in their selection of image regions. However, image regions were preselected by bright-field microscopy, by which the t-system and RyRs cannot be identified. We therefore believe that investigator bias was negligible.
Clinical Perspective
The correlation between the degree of t-system remodeling before LVAD implantation and subsequent recovery of contractile function found in this study may render the t-system a useful histological parameter to characterize HF and predict recovery. The series of protocols required to facilitate cardiac recovery include serially monitoring the function of the unloaded heart, continuously adjusting adjuvant antiremodeling drugs to maximize their doses and efficacy, and standardizing criteria for LVAD explantation and cardiac recovery. Establishing criteria for LVAD explantation remains challenging because standard clinical data, for example, echocardiographic parameters, age, comorbidities, and cause and duration of HF, are weak predictors of recovery. 4, 49 Thus, there is an urgent need for additional predictors to improve patient selection for LVAD explantation. Using both established clinical data and novel biomarkers, for example, the degree of t-system remodeling, may therefore help to acquire relevant information for patient selection.
Conclusions
We conclude that an intact t-system is required, but not sufficient, for significant functional improvement after mechanical unloading. Assessing t-system structure at time of LVAD implantation, together with clinical data, may help to identify patients who will recover cardiac function.
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